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SUMMARY

Amphibians are known for their skin rich in glands containing toxins employed in
passive chemical defense against predators, different from, for example, snakes
that have active chemical defense, injecting their venom into the prey. Caecilians
(Amphibia, Gymnophiona) are snake-shaped animals with fossorial habits, considered one of the least known vertebrate groups. We show here that amphibian
caecilians, including species from the basal groups, besides having cutaneous
poisonous glands as other amphibians do, possess specific glands at the base
of the teeth that produce enzymes commonly found in venoms. Our analysis of
the origin of these glands shows that they originate from the same tissue that
gives rise to teeth, similar to the venom glands in reptiles. We speculate that
caecilians might have independently developed mechanisms of production and injection of toxins early in their evolutionary history.
INTRODUCTION
Caecilian amphibians have around 250 million years of evolutionary history apart from anurans and salamanders
(Pyron, 2011; Roelants et al., 2007; San Mauro, 2010; Zhang and Wake, 2009). Anurans and salamanders have
developed a variety of feeding systems, whereas caecilians are exclusively jaw-feeders (Bemis et al., 1983; Duellman and Trueb, 1994) utilizing a powerful bite (Measey and Herrel, 2006; Summers and Wake, 2005) and a series
of curved sharp-pointed teeth, which act on apprehension and ingestion (Wake, 1976) of invertebrates such as
earthworms and subterranean arthropods, or even larger prey, such as anurans (Kupfer et al., 2005; Ngo et al.,
2014), lizards (Moll and Smith, 1967), and snakes (Greef, 1884; Presswell et al., 2002).
The production of toxins for prey subjugation or defense has evolved many times in animals (Arbuckle,
2015; Casewell et al., 2013). Amphibians produce (or sequester) toxins in their skin glands (Jeckel et al.,
2015) and are considered poisonous instead of venomous owing to their passive defense, lacking a system
for toxin injection (Jared et al., 2015; Mailho-Fontana et al., 2014).
In this study we evaluated the morphology of the head of the South American caecilian Siphonops annulatus and found a series of tooth-related glands whose secretion composition was biochemically examined.
We also studied the predatory behavior of this species in captivity in order to observe the possible participation of secretion from these glands during bites. Additionally, the tissue origin of these glands was evaluated and their presence in species belonging to different families was investigated.
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RESULTS
Caecilians Have Tooth-Related Glands
In S. annulatus (Figure 1A) two tooth rows are present in the upper jaw (Figure 1B) with the lower jaw having
only a single row (Figure 1C). When the mouth is closed, the upper jaw outer teeth remain individually
housed in a row of cavities located just in front of the mandibular teeth in a more external position (Figure 1C). The mandibular teeth are housed in cavities present in the oral upper jaw epithelium in between
the two tooth rows (Figures 1B and S1). When the skin is partially removed, a series of glands characterized
by long ducts opening at the base of the teeth is observed in both labial regions (Figures 1D and 1E).
In the upper jaw, the glandular ducts open exclusively at the base of the outer tooth row (Figures 2A, 2B,
and S1), whereas in the lower jaw, the ducts can also open in the interior of the cavities that accommodate
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Figure 1. Structure of the Upper Jaw and Lower Jaw of S. annulatus
(A–D) (A) S. annulatus. (B) Upper jaw. (C) Lower jaw. (D) Head after partial skin corrosion showing the tooth-related glands
digitally enhanced in green.
(E) Section of the upper labial region showing the glands and glandular ducts. Black arrows (outer tooth row); white arrow
(inner tooth row); arrowheads (cavities that accommodate the teeth when the mouth is closed); To, tongue; S, skin; E, eye;
Te, tentacle; Oe, oral epithelium.

the upper jaw teeth when the mouth is closed (Figures 2C, 2D, and S1). Each of the tooth-related glands is
provided with a single duct, which may fuse with the ducts of adjacent glands (Figure 2B).
Each gland is acinar in shape with a well-defined central lumen (Figure 2E). The glandular body is
composed of two cell types (Figure 2E). Type 1 cells are more abundant (Figure 2E) and primarily contain
mucous substances (Figure S2), whereas type 2 cells are less abundant and show high protein concentration (Figure 2E insert and S2). The morphology and histochemistry in both cell types are different from
those observed in the ordinary cutaneous mucous glands (Figures 2E and S2). Moreover, the secretory
epithelium of the tooth-related glands is in direct contact with the surrounding dermal connective tissue,
without a myoepithelial layer and with no relationship with muscles (Figures 2A, 2C, 2E, and S1).
Teeth are conical and sharply pointed with a slight lateral flattening. However, they do not show grooves or
slits to facilitate the flow of glandular secretion (Figure 3A). When the animal opened its mouth before attacking the prey, a highly viscous secretion covering the teeth was also observed. The teeth in the upper jaw
composing the outer row are interconnected through a continuous groove that contours the whole upper
lip (Figure 3A) and seems to play an important role in conducting and homogeneously distributing the
secretion during prey apprehension (Figure S3).
Among all species we examined (except for the aquatic Typhlonectes compressicauda [family Typhlonectidae], lacking tooth-related glands in the upper jaw), all species, including the basal genus Rhinatrema
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Figure 2. Structure of Tooth-Related Glands in S. annulatus
(A) Upper jaw.
(B) 3D reconstruction of a set of glands associated with one upper jaw tooth.
(C) Lower jaw.
(D) 3D reconstruction of a set of glands associated with one lower jaw cavity.
(E) Upper jaw tooth-related gland, showing the presence of two types of cells. The insert shows the abundance of protein
in type 2 cells. Asterisk, tooth-related glands; T, tooth; D, duct; arrow, duct opening; arrowhead, cavity that
accommodates an upper jaw tooth; F, fusion of the glandular ducts; #, lumen; M, mucous skin glands; 1, type 1 cells; 2,
type 2 cells.

(family Rhinatrematidae), revealed dental gland arrangements very similar to those observed in
S. annulatus (Figure S4), with, however, variation in the number of glands (Table S1).
The analysis of the jaws of newly hatched S. annulatus showed that these glands are developed from the
dental lamina, the same tissue that usually gives rise to teeth (Figure 3B).

Dental Secretion Contains Enzymes
In order to remove the low-molecular-mass molecules (non-protein components) and to concentrate and
optimize the analysis of the proteins, the buffered supernatant dental gland secretion was submitted to an
ion exchange solid phase extraction procedure, resulting in two additional samples (unbound and bound
proteins). SDS-PAGE of the tooth-related glands secretion of S. annulatus revealed several bands between
40 and 200 kDa (Figure 4A). The analysis of enzymatic activities demonstrated gelatinolytic (Figures 4B and
S5), caseinolytic (Figures 4C and S5), and fibrinogenolytic proteins (Figures 4D and S5) in the preparations
processed by ion-exchange chromatography besides a pronounced hyaluronidasic activity (Figures 4E and
S5) in all preparations. Phospholipase A2 activity was also detected in all preparations tested (Figure 4F)
and was higher than that detected in Crotalus durissus terrificus venom.

DISCUSSION
Caecilians are amphibians with a serpentine and ringed body primarily adapted to the life underground.
Possibly originated in the Late Carboniferous-Early Permian (San Mauro, 2010), most of the current species
occur in lands originated from the supercontinent Gondwana (Duellman and Trueb, 1994). With 214 species, the order Gymnophiona is divided into 10 families (Frost, 2020), which represents only 2.65% of all
amphibians. Owing to their distribution and fossorial habits, caecilians consist in one of the least known
vertebrate groups (Torres-Sánchez et al., 2019), especially with regard to their biology, ecology, natural history, and behavior (Jared et al., 2019).
It seems quite evident that such negligence in the study of caecilians is due to their fossoriality, making
them secretive, quite inaccessible animals. The active collection of specimens is only possible through
manual excavation, which undertakes great energy. It is estimated that 4–20 h of excavation is necessary,
depending on the season, to localize one single specimen (Jared et al., 2019). Moreover, during aleatory
manual excavation of the soil, severe injuries or even death of specimens are frequent (Jared et al., 2019).
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Figure 3. S. annulatus Teeth and the Development of Associated Glands
(A) Outer tooth row of the upper jaw. Note a continuous groove between the skin and the oral epithelium.
(B) Histological section of a recently hatched young. S, skin; Oe, oral epithelium; arrowheads, cavities that accommodate
the mandibular teeth; asterisk, dental gland; Dl, dental lamina; M, skin mucous glands.

Because of the difficulty in collecting data on caecilian biology, the restrict scientific knowledge available,
in general, comes from sparse reports, indirectly obtained mainly through specimens deposited in zoological museums. Investments in the study of life underground in groups such as snakes, amphisbaenians, and
caecilians, may be very enlightening, giving an effective contribution to the knowledge of vertebrate
morphological and physiological adaptations to the fossorial world.
All current groups of amphibians (Lissamphibia) share a skin characterized by the presence of mucous and
granular (or venom) glands distributed throughout the body (Duellman and Trueb, 1994; Toledo and Jared,
1995). Despite that, very few studies are devoted to the morphological and biochemical characterization of
such glands and their secretion. It thus remains unknown whether the structure and biochemical properties
of caecilian cutaneous glands are similar to those of other amphibians or if they diversified along their
evolutionary history. Despite this lack of information, there seems to be a consensus that caecilians do
not have any type of structure capable of inoculating the poison produced by the cutaneous glands. Unlike
animals with active chemical defense, such as snakes, which actively inoculate the venom through bites, in
caecilians as well as in the vast majority of anurans and salamanders, the aggressors (or predators) themselves are responsible for causing their poisoning (Heiss et al., 2010; Jared et al., 2018, 2015; 2009; MailhoFontana et al., 2014; Nowak and Brodie, 1978; Regis-Alves et al., 2017).
It was previously shown by our group that the caecilian S. annulatus has three basic types of cutaneous
glands with a heterogeneous distribution pattern through the body, possibly in response to fossoriality
(Jared et al., 2018); such characteristic seems to be shared by other species within the group. However,
while doing this study, when analyzing S. annulatus cranial morphology, especially the labial region, we
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Figure 4. Protein Profile and Enzymatic Activity of S. annulatus Dental Gland Secretion
(A) SDS-PAGE 12%.
(B) Gelatinolytic activity.
(C) Caseinolytic activity.
(D) Fibrinogenolytic activity.
(E) Hyaluronidase activity.
(F) Phospholipase activity. P, molecular mass markers (in kDa); B, buffered secretion supernatant; UP, unbound proteins;
BP, bound proteins (BP); Cdt, Crotalus durissus terrificus venom. Results were expressed as mean G SE.

were surprised by the presence of a fourth type of gland associated with the upper jaw teeth and with the
cavities that accommodate the lower jaw teeth. Given the presence of such glands in adult males and females and newly hatched individuals, we proceeded to investigate the glandular morphology, as well as
the role of the secretion they produce for predation.
Although in S. annulatus we verified quantitative differences in the tooth-related glands when comparing
the upper and lower jaws, all glands show very similar morphology, basically composed of cells secreting a
mixture of mucus, lipids, and proteins. However, at the periphery of the glandular tissue, a clear distinct cell
type was also identified, whose histochemistry indicated a higher protein content, similar to what was
described for the oral venom glands identified in the lizard Gerrhonotus infernalis (Fry et al., 2010).
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Unlike amphibian ordinary cutaneous glands, the tooth-related glands of S. annulatus are not involved by a
myoepithelial cell monolayer (Toledo and Jared, 1995) or compressor muscles present in snake venom
glands (Weinstein et al., 2010). Consequently, secretion release seems to depend on prolonged bites
that compress the glands located in the labial area. Additionally, the behavior of biting and holding the
prey while pushing it against the substrate (Jared et al., 1999) together with powerful long-axis body rotations during predation (Measey and Herrel, 2006), besides facilitating prey tearing (Bemis et al., 1983), may
play an important role in gland secretion release.
Unlike what is observed in snakes and some lizards (Weinstein et al., 2010), S. annulatus teeth have no slots
or grooves able to conduct secretion. On the other hand, the presence of secretion covering the teeth surface during predation suggests that the teeth can inoculate secretion at the moment of the bite. Moreover,
the groove that circles the upper jaw interconnecting the teeth appears to play an important role in the
uniform distribution of secretion during bites.
(Mang 1935) reported the presence of tooth-related glands in the caecilian Hypogeophis rostratus (family Indotyphidae) but considered them mere differentiated cutaneous mucous glands. Differently, our
analysis of teeth of newly hatched S. annulatus clearly showed that these glands are developed from
the dental lamina, the same tissue that usually gives rise to teeth, and not from the epidermis, as ordinarily seen in amphibian cutaneous glands (Toledo and Jared, 1995). Owing to the common ontogenetic origin of the glandular tissue and teeth, these glands are named ‘‘dental glands’’ in reptiles
(Tucker, 2010). By evolutionary viewpoint, our finding is particularly important since in snakes the venom
glands (including Duvernoy glands) also originate from the dental lamina (Tucker, 2010; Vonk et al.,
2008). As far as we could verify, this is the first time that dental glands have been found within Class
Amphibia.
Analyzing caecilians of different families, including basal groups, a glandular arrangement similar to that of
S. annulatus was found, showing that the presence of dental glands seems to be a characteristic shared by
all Gymnophiona. On the other hand, the absence of glands in the maxilla of the caecilian Typhlonectes
compressicauda indicates that their presence and arrangement inside the mouth may be related to the
aquatic environment in which they live. Absence (or regression) of oral glands has also been observed in
some aquatic snakes, as they do not need to moisten the food to facilitate swallowing (Arbuckle, 2015).
In this sense, a study of the dental glands in different species of Gymnophiona is necessary in order to
analyze the relationship between the presence of such glands and the development and biology of
different species. The characteristics of the secretion in aggressive species able of biting when harassed
would be another interesting aspect to be investigated.
SDS-PAGE of S. annulatus dental gland secretion revealed distinct characteristics when compared with the
cutaneous secretion of S. annulatus (Jared et al., 2018), once more highlighting its peculiarities when
compared with the ordinary cutaneous glands. The enzymatic activities, usually considered typical of proteins composing animal venoms, specially snakes (Jared et al., 2015; Mackessy, 2010), evidence the potential of dental gland secretion to promote disruption in prey physiology and initial digestive processes
concomitant to prey swallowing. Among these results, the type A2 phospholipase activity is undeniable
and even more evident than that of the venom of the South American rattlesnake Crotalus durissus terrificus. Despite our promising results, a more complete study still is needed in order to identify such proteins
and to compare them with proteins composing snake venoms. Also, the analysis of caecilian dental glands
by RNA sequencing would be a key point for the elucidation of the protein classes secreted by these glands
in order to reveal their toxic potential. It is worth mentioning that amphibians are known by their variety of
extremely toxic non-protein molecules in the skin (Duellman and Trueb, 1994; Jeckel et al., 2015; Toledo
and Jared, 1995). Therefore, one cannot rule out the possibility of caecilian dental glands containing molecules from other classes, such as lipids, widely found in toads (Mailho-Fontana et al., 2018) and already
identified by histochemistry in S. annulatus tooth-glands.
In reptiles, vertebrates whose evolution of the oral glands has been extensively studied, the basal condition for the venom glands is considered the occurrence of incipient glands, both in the mandibular and
maxillary regions (Fry et al., 2013, 2010, 2006). Particularly in snakes, evolution seems to have favored the
venom glands located in the maxilla, causing, secondarily, the loss of the mandibular venom glands
(Fry et al., 2013, 2006). In lizards, on the other hand, the path seems to have been exactly the opposite
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(Fry et al., 2010). Some lineages of snakes and lizards, however, have functional glands in both jaws (Fry
et al., 2013, 2010, 2006). Thus, the presence of dental glands both in upper and lower jaws as seen in
caecilians would represent a plesiomorphic state in relation to the reptile venomous system. It seems
quite possible that the selective pressure imposed by the underground environment was a key factor
for the development of the dental glands, since anurans and salamanders, which constitute Gymnophiona’s sister group (San Mauro, 2010), do not have such structures.
Venom is assumed to be a substance produced by an organism in specialized structures, either a tissue or a
gland, that interferes in physiological and biochemical processes when injected into another organism
through an injury (Arbuckle, 2015). Venom action does not necessarily lead the prey to rapid death (Arbuckle, 2015; Jackson et al., 2017). It is important to note that the medical consequences to humans are
not taken into consideration in this definition (Arbuckle, 2015).
Despite the differences in glandular structure between Gymnophiona and Squamata and taking in consideration the recognition of Lissamphibia as monophyletic (Pyron, 2011; San Mauro, 2010), the dental glands
seem to be homologous structures that have evolved independently in the two groups. Based on our data
we suggest that caecilians developed the ability to actively inoculate toxins through their teeth early in their
evolutionary history, probably representing one of the first terrestrial vertebrates having an oral venom
system.

Limitations of the Study
In this work, we showed the presence of dental glands in caecilians (order Gymnophiona), the group of amphibians considered the least known within vertebrates in several biological aspects. Our analyses have
clearly shown that the caecilian dental glands secrete a mixture of molecules of different classes, such as
proteins with enzymatic activities, widely found in venomous animals in general. Although we have shown
the presence of dental glands and their possible role during predation, more evidence is still needed about
the precise identity of the proteins present in the secretion, as well as data about the toxic potential of
these compounds. However, for such studies, additional specimens are necessary. Finally, future comparisons of caecilian dental glands with samples from other glands of S. annulatus and/or from venom glands
of other animals will be useful in order to determine their differences and similarities and conclude whether
caecilians can be considered venomous animals.
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TRANSPARENT METHODS
Animals
Sixteen specimens of S. annulatus including males (n=7) (mean snout-vent length [SVL] 37.3 ± 3.1 cm),
females (n= 7) (SVL 38.6 ± 4.1 cm) and newly hatched (n= 2) (SVL 3.1± 0.3 cm) were collected in Ilhéus, Bahia state,
Brazil. The animals were euthanized with a lethal intraperitoneal injection of Thiopental associated with lidocaine and
preserved in Bouin fixative or 4% formaldehyde in PBS pH 7.2 for evaluation of the dental glands. All experimental
procedures conform to the relevant regulatory standards and were approved by the Ethics Committee on Animal Use of
Instituto Butantan (protocols #3053090916 and #9749270718). The presence of dental glands was also evaluated in
Rhinatrema sp. and Typhlonectes compressicauda, both provided by the Special Laboratory of Zoological Collections of
Butantan Institute and Schistometopum thomense provided by E.D.B.Jr (N=2/species).
Morphological analysis
The skin of the head of an adult of each sex was partially macerated in sodium hypochlorite and photographed
using a stereomicroscope Leica M205A equipped with DMC2900 camera coupled with the software LAS V4.6. Two
additional heads of adults of each sex were decalcified in 4% EDTA and embedded in paraffin, sectioned, and stained
with hematoxylin-eosin. Tridimensional reconstructions of dental glands were based on serial sections using the
software Reconstruct (Fiala, 2005). Fragments of rostral skin and the heads of newborn were embedded in historesin
(Leica), sectioned and stained with toluidine blue-fuchsine or treated with bromophenol blue for identification of
proteins, periodic acid-Schiff (PAS) for identification of neutral carbohydrates, alcian blue pH 2.5 for identification of
acidic carbohydrates, and Sudan black B for identification of lipids (Bancroft and Stevens, 1995). The sections were
photographed using an Olympus BX51 microscope equipped with a CCD camera Q Color 5 (Olympus Corporation of
the Americas) coupled with the software CellSens. For scanning electron microscopy, one specimen of each sex was
dehydrated in a critical point dryer, sputter coated with gold and examined in FEI Quanta 250 microscope.
Oral secretion collection
Twenty minutes prior euthanasia two adult specimens of each sex were injected intraperitoneally with
Pilocarpine 10 mg/kg to stimulate the dental glands to secrete. After the euthanasia the upper jaw and lower jaw was
gently compressed and the secretion present in the base of the teeth was collected using micropipettes and stored at 20°C.
Biochemical analysis
Micropipette tips were submerged in 25 mL 25 mM Na2HPO4, pH 6. Subsequently, the tube was vortexed and
centrifuged (1000 x g, 5 min, 4 °C). The tips were then removed from the buffered oral secretion supernatant (termed B)
that was submitted to an Ion Exchange solid phase extraction procedure employing Spe-ed COOH cartridges (Applied
Separation). After loading the sample, the resin was washed (5 volumes) with 25 mM Na2HPO4, pH 6, to displace the
unbound proteins (termed UP). Then the resin was washed (5 volumes) with the same buffer containing 1 M NaCl to
remove low molecular mass components and remaining bound proteins (termed BP). Protein concentration was
estimated by UV absorbance at 280 nm (NanoDrop). According to the UniProt, the majority of the characterize proteins
present a pI value around pH 6-7. So, rationale of the performed strong cation exchange was not to bind most of the
proteins whereas alkaloids, the major complicators for amphibian protein analyses would bound to the resin. For further
details, please see work of Mariano et al. (Mariano et al., 2018).
The buffered secretion and samples resultant from the ion exchange were loaded onto a 12% polyacrylamide
gel (PAGE) (20 µg/well) containing sodium dodecyl sulphate (SDS) (Laemmli, 1970), under reducing and non-reducing
conditions. The gels were stained with silver. To evaluate zymography activities the dental secretion preparations (40
µg/well) were fractionated by SDS-PAGE 12% in the presence of gelatin (2 mg/mL), casein (2 mg/mL), fibrinogen (0.5
mg/mL) and hyaluronic acid (170 µg/mL) as substrates (Jared et al., 2015). The PLA2 activity of the secretions was
determined using the synthetic substrate 4-nitro-3- [octanoyloxy] benzoicacid (Enzo® Life Sciences) in a final
concentration of 320 µM, (Moretto Del-Rei et al., 2019 with some modifications). Hydrolysis was determined according
to OD at 425 nm in a spectrophotometer SpectraMax® M2 (Molecular Devices) and activity was expressed by increase
in absorbance at 425 nm caused by the cleavage of the substrate (OD Abs/min/µg of venom). This assay was performed
in triplicates two independent experiments. Results were expressed as mean ± se.
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Fig. S1. Distribution of tooth-related glands in Siphonops annulatus. Related to Figure 2. The sagittal section of the
head clearly shows that in the upper jaw only the outer tooth row (T1) is associated with the glands (*); there are not
dental glands associated with the inner upper tooth row (T2). Note in the lower jaw the glandular ducts (arrow) leading
to the base of the tooth (Tm). Observe the mucous tissue of the oral epithelium (Oe) and the large number of mucous
glands (M) located more superficially in the skin. Nc, nasal cavity; Arrowhead, cavity where the tooth is accommodated
when the mouth is closed. Histological method: Hematoxylin-eosin, paraffin section.
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Fig. S2. Histochemical characterization of tooth-related glands in Siphonops annulatus. Related to Figure 2. (A)
The glands (*) contain a higher amount of acid mucopolysaccharides compared to the skin mucous glands (M). Note the
glandular lumen (#). (B) Type 1 (1) cells are richer in neutral mucopolysaccharides than Type 2 cells (2). (C) Both cell
types produce lipids, although Type 2 cells are richer in this class of molecules. (D) Type 2 cells have higher protein
content, but both cell types have higher protein abundance compared to the skin mucous glands. Histological methods:
(A) alcian blue, pH 2.5; (B) periodic acid-Schiff; (C) Sudan black; (D) bromophenol blue, historesin sections.
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Fig. S3. Siphonops annulatus feeding on a newborn mouse. Related to Figure 3. Note the large amount of secretion
(arrow) that accumulates around the caecilian's mouth and on the mouse's skin at the time of the bite.
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Fig. S4. Dental glands in caecilians of other families. Related to Figure 2. (A) Sagittal section of Rhinatrema sp
upper jaw showing the dental glands (*) in a family considered as more basal among caecilians. (B) Sagittal section of
Rhinatrema sp. showing the dental glands associated with the cavities (arrowhead) that accommodate the upper jaw
teeth when the mouth is closed. (C) Sagittal section of the upper jaw of the aquatic caecilian Typhlonectes
compressicauda. Note the absence of the dental glands. (D) Sagittal section of T. compressicauda. lower jaw, showing
the dental glands. (E) Sagittal section of the lower jaw of Schistometopum thomense, showing a dental gland with its
duct (D). (F) Sagittal section of a mandibular cavity in Schistometopum thomense. M, mucous gland; T, tooth; Oe, oral
epithelium; V, blood vessel.
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Table S1. Number of dental glands in the different species studied. Related to Figure 2.
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Species

Number of glands
per maxillary tooth

Siphonops annulatus
Rhinatrema sp.
Typhlonectes compressicauda
Schistometopum thomense

4 to 7
2 to 4
–
2 to 4

Number of glands
per mandibular
cavity
5 to 9
4 to 8
2 to 3
2 to 4

